The purpose of this study is to investigate the minimum paste volume required with an appropriate water-tocementitious ratio (w/cm) to achieve required workability, strength, and durability requirements of concrete mixtures for pavements. In this experimental program, 64 concrete mixtures with varying w/cm, cementitious content, and binder type were prepared and tested. The fine aggregateto-total aggregate ratio was held constant for all the mixtures. Fresh and hardened concrete properties of the mixtures were determined at various ages. Test results have shown that approximately 1.5 times more paste by volume is required than voids between the aggregates to achieve a minimum performance in concrete for pavements. For a given w/ cm, strength is independent of cementitious content after a critical value is provided. When w/cm is constant, increasing paste content increased chloride penetrability and air permeability.
INTRODUCTION
A critical aim in proportioning a concrete mixture is to ensure that "it fits for the purpose for which it is intended and for the expected life during which it is to remain in service" (Neville 2000) while using available materials at minimum cost.
Good concrete is controlled through materials selection, mix proportioning, and workmanship (e.g. concrete must be properly mixed, transported to the job site, placed, finished and followed by proper curing) (PCA 1975) . In general, workability and strength are the properties most often assessed (Bickley et al. 2010; PCA 1975) . However, the concrete properties of interest are not limited to these and other properties such as air content, setting time, shrinkage may be assessed (Bickley et al. 2010) . In addition, the mix proportions should be optimized for economy and sustainability (PCA 1975) . This paper discusses an approach to achieve a quality concrete mixture with minimum impact whilst meeting specifications. Currently, construction specifications are predominantly prescriptive with some performance characteristics (Taylor 2004) ; however, the construction industry has been moving from prescriptive towards performance-based (P2P) specifications (Bickley et al. 2010; Lobo et al. 2006; Day 2006; Taylor 2004) .
Performance-based specifications promote better use of materials because they focus on concrete properties (e.g. workability, strength, and durability) needed to achieve service life capacity and longevity (Bickley et al. 2010; Lobo et al. 2006; Day 2006; Braselton and Blair 2004; Taylor 2004) . The Federal Highway Administration (FHWA) has charted a roadmap to performance-based specifications (Bickley et al. 2010) . Taylor (2004) has postulated nine steps in the transition from P2P and stated that some of the essential requirements may be initially prescriptive, but in time would become performance criteria. As part of the transition, this study analyzed the effect of paste-to-voids volume ratio on concrete properties in order to reduce dependence on prescriptive minimum cement content based specifications.
In concrete mixes, enough cement paste should be provided that not only fills the voids between aggregates but also covers the aggregates and separates them to reduce the inter-particle friction between aggregates when the mixture is in the fresh state (Kosmatka et al. 2008; Koehler and Fowler 2007; Hu and Wang 2007; Ferraris and Gaidis 1992; Kennedy 1940) . This is known as "excess paste theory" (Kennedy 1940) . However, studies (Wassermann et al. 2009; Dhir et al. 2004; Kennedy 1940) have shown that in some cases, specified cement contents are higher than required. This high cementitious content will increase shrinkage and permeability, and thus decrease the durability of concrete. In addition, increasing cement content also has a negative impact on the environment due to the high energy consumption and CO2 emission of cement production (Liu et al. 2012; Wassermann et al. 2009) . It is likely possible to reduce this amount without compromising workability, strength and durability (Kennedy 1940) .
The purpose of this study is to investigate the critical minimum paste requirement for performance by analyzing the effect of paste-to-voids volume ratio on concrete properties. The chemical composition of the cementitious materials is presented in Table 1 . 
MATERIAL AND METHODS

Materials
Combined aggregate gradation
The void percentage of the combined aggregates was kept constant as19.8% for all the mixtures to remove the aggregate grading as a variable from the experimental matrix. This was selected by assessing the 0.45 power chart (Bureau of Public Roads 1962), Shilstone workability factor chart and specific surface of the aggregates. The fine aggregate-to-total aggregate ratios of 0.45, 0.42 and 0.39 provided the best mixtures in FHWA 0.45 power curve, Shilstone workability factor chart and specific surface charts, respectively (Fig. 1a-c) . Based on the average of these numbers, the fine aggregate-tototal aggregate ratio was selected as 0.42.
The appropriateness of the selected ratio of 0.42 was checked by plotting the data in an ASTM C33 plot (Fig. 1d) and a "Haystack" plot (Fig. 1e) . The Haystack plot did not present an ideal combination, but was the best combination that could be achieved with the materials available. While not ideal, this type of gradation is common in many construction sites, and is therefore an appropriate combination for this research study.
The unit weight and volume of voids in the combined aggregate were measured in accordance with ASTM C29. The overall unit weight of the combined aggregates was 2098 kg/m 3 .
The specific gravity and absorption of the coarse and fine aggregates were determined using ASTM C127 and ASTM C128, respectively. The saturated surface dry (SSD) specific gravity and the absorption values of the coarse aggregates were 2.67 and 1.0%, respectively. The SSD specific gravity and the absorption values of the fine aggregates were 2.62 and 1.1%, respectively. 
Mix design
In concrete mixes for pavements, the cementitious content generally ranges between 300 and 360 kg/m 3 (Pavement Interactive 2007). Typical water cementitious ratios for concrete paving materials are between 0.40 and 0.50 (Van Dam et al. 2000) . The range selected in this study included the extremes at both ends (i.e. 240 and 415 kg/m 3 ) to show their effects on concrete performance. Thus, a total of 64 mixtures were prepared as follows:
• 4 cementitious contents -240, 300, 360 and 415 kg/m 3 (numbers were converted from English units to SI units and rounded up to the nearest 5 kg/m 3 . The selected cementitious content range ranges between 400, 500, 600 and 700 lb/yd 3 ) • 4 w/cm -0.35, 0.40, 0.45 and 0.50 • 4 cementitious materials systems -Type I OPC, 20% Class F fly ash, 20% Class C fly ash and 40% slag cement
The fine aggregate-to-total aggregate ratio was selected as 0.42 based on data from the combined aggregate gradation charts as discussed in the combined aggregate gradation section. A polycarboxylate based high range water reducing admixture was used in the lean mixtures to increase workability. No air-entraining agent was added to the mixtures.
Mix proportions
The mix proportions for the 64 mixtures are given in Table 2 . These numbers represent the equivalent values of the mix proportions that were originally designed in English units and converted to the SI units. Reference to this paper should be made as follows: Yurdakul, E., . "Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures," ASCE Journal of Materials in Civil Engineering. DOI: 10.1061/(ASCE) MT.1943 -5533.0000728, Vol. 25, No. 12, pp. 1840 
Specimens and testing
For each mixture, fifteen 100x200-mm. concrete cylinders were cast in accordance with ASTM C31 and stored in the fog room until testing in accordance with ASTM C192. The tests conducted are given in Table 3 . Although slump, setting time and air content tests were not control parameters, they were measured to evaluate the effect of the variables on concrete behavior (Table 4) . Reference to this paper should be made as follows: Yurdakul, E., . "Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures," ASCE Journal of Materials in Civil Engineering. DOI: 10.1061/(ASCE) MT.1943 -5533.0000728, Vol. 25, No. 12, pp. 1840 -1851 Reference to this paper should be made as follows: Yurdakul, E., . "Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures," ASCE Journal of Materials in Civil Engineering. DOI: 10.1061/(ASCE) MT.1943 -5533.0000728, Vol. 25, No. 12, pp. 1840 -1851 When the slump was more than 200-mm, the slump flow was determined. At early ages, RCP samples tended to boil, therefore tests were only conducted at 28 and 90 days. The air permeability test was also conducted on 2 specimens per mixture at 1, 3, 28 and 90 days using the University of Cape Town Air Permeability Method (Alexander et al. 1999) .
RESULTS AND DISCUSSION
Much of the data is presented in figures in which the horizontal axis is the volume of paste divided by the volume of voids in the aggregate system. This is because the properties of the mixture are governed by the paste volume and the paste quality. If there is insufficient paste to fill all of the voids between the aggregate particles, then performance is likely to be compromised. Once adequate paste is obtained to fill the voids and separate the aggregate particles, then the quality of paste (not the quantity) dominates the trends, as predicted by the excess paste theory (Kennedy 1940) . The aim of this study was to investigate where this transition occurs.
Workability
The effect of the paste-to-voids volume ratio on workability is presented in Fig. 2 . It can be seen that a minimum paste content is needed to make a workable mixture.
Reference to this paper should be made as follows: Yurdakul, E., Taylor, P. C., Ceylan, H., and . "Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures," ASCE Journal of Materials in Civil Engineering. DOI: 10.1061/(ASCE) MT.1943 -5533.0000728, Vol. 25, No. 12, pp. 1840 -1851 . For the plain mixtures, a minimum of 1.5 times more paste is required than the voids between the aggregate particles to achieve a workable mix. Below this number, even a high dosage of HRWR did not contribute to improved workability. In fact, those mixtures containing insufficient paste content exhibited honeycombing and were difficult to mix, consolidate and finish. A slump of 50-mm was achieved in mixtures containing lower paste contents compared to the plain mixtures (Fig. 2) . The increased workability with the addition of SCM is consistent with the literature (Johari et al. 2011; Johansen et al. 2006) .
For mixtures containing SCM, the minimum paste volume should be approximately 1.25 times more than the voids volume between the aggregates. This result is not surprising, because the spherical morphology of the fly ash particles would be expected to reduce the inter-particle friction in the mixtures.
As shown in Fig. 3 (left cylinder), mixtures with 240 kg/m 3 of cementitious content at w/cm of 0.35 did not have adequate paste content to fill the voids between the aggregates. These mixtures were harsh and not workable, and could not be well-consolidated. The lack of consolidation, in turn, affected the hardened properties. The workability of these mixtures could not be improved with the use of water reducing admixtures. These findings were expected, but the mixtures were deliberately made to verify the assumption.
Reference to this paper should be made as follows: Yurdakul, E., . "Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures," ASCE Journal of Materials in Civil Engineering. DOI: 10.1061/(ASCE) MT.1943 -5533.0000728, Vol. 25, No. 12, pp. 1840 -1851 . 
Compressive strength
The results are presented in Fig. 4 . It can be seen that strength increased with increasing paste content, up to a limit. Once a certain paste content was reached; strength became independent of paste content. The data in Fig. 5 also supports the results discussed above as increasing paste content increased strength up to a point, after which strength was not improved by further increasing the paste content. After a maximum strength was achieved, increasing paste content slightly decreased the compressive strength likely due to not all of the cementitious materials participating in the pozzolanic reaction (Liu et al. 2012) . As shown in Fig.5 there appears to be a trend that above a given amount, increasing cementitious content does not lead to marked increases in 28-day strength. For OPC and class C fly ash this amount is about 300 kg/m 3 while for class F fly ash and slag cement this amount is about 350 kg/m 3 . It is likely that the differences in performance between these systems at this age are due to the differences in hydration rates of the binders (Johari et al. 2011; Johansen et al. 2006) .
The plots also indicate that increasing w/cm decreases strength for all mixtures (Wassermann et al. 2009; Mindess et al. 2003; Popovics 1990; Abrams 1920) . For a given cementitious content, other than the mixtures with 300 kg/m 3 of cementitious material, increasing w/cm decreased the compressive strength. However, it should be noted that the strength and w/cm relationship applies only to workable mixes (Kennedy 1940 ). Fig. 6 shows that increasing paste does not improve strength above a certain value. For the aggregates used in this study, the critical values of Vpaste/Vvoid are about 150% for mixtures containing OPC and C fly ash and about 175% for slag cement and F fly ash mixtures.
The comparisons of the trends presented in Figs. 5 and 6 were based on an acceptable range of strengths of two cylinders (4x8-in.) that is 9 % (ASTM C39, 2005). Fig. 7 shows the effect of minimum paste volume on cement efficiency. The cement efficiency was calculated by calculating the strength per unit mass of cement in a mixture. The trends presented in Fig. 7 support the findings discussed above that after reaching the paste volume that is required for the mix to reach a plateau, increasing paste volume does not provide any benefits in terms of compressive strength. The peak efficiencies are higher for the mixtures containing OPC and C fly ash, and lower for the mixes with F fly ash and slag cement. As stated before, this efficiency difference is most likely related to the chemistry and fineness and their effects on hydration rates. It is also notable that the effect of w/cm on efficiency is relatively small. Decreasing efficiency with increasing paste content indicates that the cost and sustainability of mixtures with high paste content is not optimized. 
Rapid chloride penetration
RCP test was conducted at 28 and 90-days because the low cementitious content samples exhibited such high conductivity that no data could be obtained at earlier ages. This is likely because of the pore structure (Bagheri and Zanganeh 2012) caused by the inadequate paste content that could not fill the voids between the aggregate particles (Fig. 8) . The effect of paste volume on rapid chloride penetration (RCP) is presented in Fig. 9 . Hydration at later ages helped to fill some of the capillary voids and reduce penetrability. Increasing the paste volume increased the chloride penetrability which is consistent with the literature (Arachchige 2008) . This can be explained by the differences between aggregate and paste. In general, aggregates are likely to be denser than cement paste (especially at early ages) and have a lower permeability than cement paste, so concretes with low paste content tend to have lower permeability, despite the introduction of the more porous interfacial transition zones (Scrivener and Nemati 1996) . The data presented in Fig. 10 supports the findings discussed above: in all cases chloride penetration increased with increasing paste volume. The mixtures containing slag cement and C fly ash exhibited less penetration compared to the plain mixes at 28 days. At 28 days, mixtures with Class F ash exhibited higher penetrability than plain concrete, likely due to its initially slower hydration rate. However, at 90 days, plain concrete showed higher penetrability than mixtures with Class F fly. This result is not surprising because increasing the testing age of the mixes incorporating SCM reduces the porosity of the concretes as a result of the continued pozzolanic reaction (Bagheri and Zanganeh 2012; Liu et al. 2012) . The reduction in penetration of concrete containing SCM may also be due to their contribution to improve the interfacial transition zone (ITZ) between the cement paste and aggregates (Toutanji 2004) . Decreasing w/cm also decreased penetrability, most notably in the plain cement mixtures. "Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures," ASCE Journal of Materials in Civil Engineering. DOI: 10.1061/(ASCE) MT.1943 -5533.0000728, Vol. 25, No. 12, pp. 1840 -1851 . The comparisons were based on an acceptable range in test results of different samples from the same batch that should not differ by more than 42 %, (ASTM C1202, 1997).
Air permeability
Air permeability index is the negative log of the Darcy coefficient of permeability (m/s) and uses a log scale (Buenfeld and Okundi 2000) . Therefore, higher air permeability index (API) indicates higher impermeability. As reported by Alexander and Beushausen (2010) the following interpretation can be applied to the results:
• API >10.0 -Excellent • 9.5< API<10.0 -Good • 9.0< API<9.5 -Poor and • API < 9.0 -Very poor Similar to the RCP tests, data could not be obtained from concrete mixtures with 300 kg/m 3 of binder content due to the high porosity caused by the inadequate paste content. In Fig.  11 , increasing paste volume above certain value decreased permeability. When Vpaste/Vvoid was increased from 100 to 150%, air permeability decreased likely because mixtures with low cementitious content had macro porosity. This result is consistent with the findings in the literature that compaction plays a more critical role than concrete microstructure on air permeability (Buenfeld and Okundi 2000) . Once the required paste content was provided, increasing paste content increased permeability because air tends to penetrate through the relatively porous paste faster through aggregates. Above a given Vpaste/Vvoid value all of the samples may be classified as "excellent" at 90 days. However, 90-day data is better than those in the 28 day set. Air permeability decreases as concrete age increases because cement hydration continues over time and the pore sizes get smaller, thus concrete becomes less permeable. The observed results are consistent with the findings reported in the literature (Alexander et al. 2007; Dinku and Reinhardt 1997) . In Fig. 12 , there is some benefit with decreasing w/cm, while the type of binder does not appear to have a significant effect at 28-days. Air permeability results presented in Fig 12 were compared based on the precision of the test method of 1.8% (Stannish et al. 2006) .
Minimum paste volume requirement
A paste thickness index (PTI) was calculated. The specific surface area of the aggregate system was calculated for the combined gradation assuming spherical particles. This with the mass of aggregates gave a total surface area of the aggregates in each mix, which divided by the volume of paste yielded an average paste thickness. Calculations were based on the assumption that all aggregate particles in the selected combined aggregate system were spherical and that all were coated by a layer of constant paste thickness. Neither of these assumptions is correct, but the approach provides a reasonable point of comparison. It was found that there was a linear relationship between the PTI and the Vpaste/Vvoid ratio, therefore there were no changes to the conclusions. The PTI values ranged from 100 to 250 µm. This is of interest because the interfacial transition zone (ITZ) is typically reported to be from 40 to 50 thick µm (Prokopski and Halbiniak 2000) which is a significant fraction of the nominal paste thickness. If about 1 /3 to ½ of the paste is functionally ITZ, then approaches that modify the quality of the ITZ will have a marked effect on system performance.
In general, two different trends were observed. In all cases, very low paste contents led to poor performance of the mixture. Above a certain threshold, performance was either constant or deteriorated slightly. Deterioration in performance was generally observed in permeability tests with increasing paste, which is to be expected because permeability of paste is likely to be lower than that of aggregate (Scrivener and Nemati 1996) . Other parameters such as strength were generally constant with increasing paste.
The threshold varied between tests and between cementitious systems (Table 5) . Values are not provided for RCP because it was found that the ability to consolidate the samples was dominant, and as soon as sufficient paste was provided to achieve this, performance fell off with increasing paste content. In broad terms then, about 1.5 to 2 times more paste by volume is required than the space between the combined aggregate particles. This is to fill all the space and to line all of the aggregate particles, providing lubrication in mixture in its fresh state when it is being transported, and to glue the particles together in the hardened state. This is applicable for the single aggregate system tested here. It is possible that these numbers may change for different aggregate forms (river gravel as opposed to crushed limestone) and gradations.
